Summary: Brain glucose content is an important exper imental variable that affects the value of the "lumped constant" of the 2-deoxyglucose method. The apparent volume of distribution in brain of the nonmetabolizable glucose analog, 3-0-methylglucose, depends only on the glucose content. From the kinetic constants of glucose transport and the apparent volume of distribution, we used autoradiography to calculate the regional glucose content of the normal rat brain. The regional glucose con tent varied only insignificantly in gray matter regions; the Glucose accumulates in brain as the net result of three processes: the transfer of glucose from blood to brain, the phosphorylation of glucose by hexo kinase, and the transfer of glucose from the brain tissue back to the blood. The brain glucose content is considerably below that of plasma, indicating that situations may exist in which glucose phosphory lation in brain is limited by insufficient transport of glucose from blood to brain. One such situation is hypoglycemia; another is epilepsy. Focal seizures may reduce brain glucose to negligible amounts in specific brain areas. The problem is that such areas may be too small to detect by means of conven tional enzymatic methods of determining glucose concentration.
The regional rate of glucose phosphorylation in the brains of experimental animals and humans can be measured with glucose analogs that can be me tabolized, e.g., 2-deoxyglucose or 2-fluoro-2-deoxy glucose (Sokoloff et al., 1977) . This method re-average glucose content of all rat brain slices examined was 4 !-LmOI g-I, with an average plasma glucose concen tration of 8.6 mM. Regional values varied between 3.4 and 4.6 !-Lmol g-I. Thus, there is no reason to believe that the regional values of the lumped constant vary signifi cantly in normal rat brains. Key Words: Blood-brain bar rier-Blood-brain glucose transfer-2-Deoxyglucose method-Lumped constant-Regional brain glucose con tent.
quires knowledge of the relationship between the net steady-state rates of phosphorylation of glucose and the glucose analogs, the "lumped constant" of Sokoloff et al. (1977) . The value of this variable is a function of the brain glucose content. The problem is the same as that mentioned above; the brain glu cose content can rarely be measured accurately in small regions of the brain. In humans, the brain glucose content remains unknown.
We sought an isotopic method of measuring brain glucose in experimental animals to assess the vari ability of the lumped constant. In theory, the non metabolizable glucose analog, 3-0-methylglucose, should yield a regional representation of the brain glucose content.
This was first suggested on the basis of mathe matical arguments (Gjedde, 1982) , but the experi mental application was impeded by our ignorance of the affinity of glucose for transport in the direc tion opposite that normally considered, i.e., from brain to blood. In fact, it was concluded from in direct evidence that blood-brain hexose transport may be asymmetrical and the affinity somewhat lower in the direction of brain to blood.
In the present study, the method was put to a practical test. We showed that the transfer of glu cose from blood to brain and from brain to blood is symmetrical in the sense that the affinity of glucose for the glucose transporter in the cerebral capillary endothelium does not vary between the two sides of the endothelium.
THEORY
The apparent permeability of the blood-brain barrier to glucose transport from blood to brain can be defined by an expression reminiscent of the Mi chaelis-Menten equation of enzymatic action (Gjedde, 1980) :
where PI is the apparent permeability, A is the sur face area of the cerebral capillary endothelium, T ma x is the maximal transport rate, Kt is the half-satu ration or Michaelis constant, and Ca is the arterial plasma concentration of glucose. Equation 1 is the simplest form of the Michaelis Menten equation. It can be expanded by addition of one or more terms for nonsaturable transport and nonspecific diffusion (Gjedde, 1981) . These terms express the frequent observation that permeability flux plots of glucose transport often deviate from a straight line at the hypo-and hyperglycemic ex tremes. The permeability-flux plots resemble the Eadie-Hofstee and Scatchard plots in the sense that deviations from a rectilinear relationship can be in terpreted to indicate heterogeneous transport mech anisms, heterogeneous capillary perfusion, coop erativity, or any combination of these possibilities. Such expansions of the simplest Michaelis-Menten relationship are unnecessary and impractical at more physiological glucose concentrations, at which de viations from the rectilinear permeability-flux plot are difficult to prove statistically. Therefore, we use the simplest relationship here. If transport is shown to be symmetrical (see below), it will make no dif ference in the present use of the kinetics. However, the non saturable component is not assumed to be zero, but is merely incorporated into the Michaelis Menten expression itself.
In the case of a labeled glucose analog, the ap parent permeability is influenced by the competi tion between the tracer and the native glucose (Gjedde, 1982) :
(2)
where Pt is the apparent permeability of the tracer, T�ax is the maximal transport capacity for the an alog, K t is the half-saturation constant, and C�(t) 1983 is its arterial plasma concentration as a function of time. Thus, although Tmax and T�ax are probably equal, identity is not required in the present for malism. In the case of tracer concentrations, C�(t) is negligible, and Eq. 2 reduces to
Assuming symmetrical transport, the apparent permeability of glucose and glucose analog trans port in the opposite direction (i.e., from brain to blood) likewise takes the form of an equation rem iniscent of the Michaelis-Menten formalism:
and
where Ce is the glucose concentration in the brain interstitial fluid. Since this concentration is not di rectly accessible to measurement, it is convenient to convert the concentrations (Kt and Co) to con tents by introduction of the physical (rather than virtual) volume of distribution, Vd (Gjedde, 1982) :
where Ke is the half-saturation "content" of brain (Kt • Vd), and Me the brain glucose content (Ce . Vd). It is clear from the division of Eqs. 3 and 7 that
Equation 8 expresses the fundamental observa tion that the ratio of the apparent permeabilities of transport from blood to brain, and from brain to blood, is the same for all glucose analogs, including glucose itself. Note that the Ke and Kt in this equa tion refer to glucose, not to the analog.
The net rate of uptake of a glucose tracer equals the difference between the rates of influx and efflux (Gjedde, 1982) ;
where Kt and k� are transfer constants that are functions of Pt , P � , and F, the plasma flow of brain. Although Kt = PtA, and k� = p�A, it can be shown (Gjedde, 1982) that (10) In the steady state, /).1*(t � oc) equals the phos phorylation rate of the tracer. In the case of a tracer that is not metabolized, /).l*(oc) equals zero in the steady state. The glucose analog 3-0-methylglucose is one such tracer. Thus, in the steady state:
or
By combination of Eqs. 8, 10, and 12:
The ratio M�(oo)/C:(oo) has unit of volume and is a virtual (rather than actual) distribution volume of the tracer at steady state. This volume can be de termined simply by measuring the ratio of tracer in brain to that in plasma at steady state. The virtual distribution volume of the tracer can be said to be kept artificially low by virtue of the low glucose content of brain. The content is low as a result of the specific relationship between influx, efflux, and phosphorylation. If the virtual distribution volume is termed V�(oc), Eq. 13 can be given a linear form:
which describes a line of slope -Kt that intercepts the ordinate at Ke and the abscissa at Ke/Kt = Vd• Provided Co. V�(oo), Ke, and Kt are known, Me can be calculated from the rearrangement:
which is the basis for the use of labeled 3-0-meth ylglucose to calculate the brain glucose content. Equation 14, on the other hand, is the basis for the experimental determination of Kt and Ke from si multaneous measurements of V�(oc), C O ' and Me.
For the fundamental assumptions to be valid (i.e., not contradicted), the ratio between Ke and Kt must equal the physical volume of distribution of hexoses in brain, assumed to be the water volume of brain (Lund-Andersen, 1979) . This ratio has never pre viously been directly determined. If, in fact, Ke == Kt Vd, and Vd == 0.77 ml g-l, the assumption of symmetry can be said to have been upheld.
METHODS
Two groups of male Wistar rats, weighing �300 g, were anesthetized with ether, and the tail artery and the fem-oral vein were catheterized. Following surgery, the rats were lightly sedated with pentobarbital (15 mg kg-I). In the first group of rats, arterial plasma glucose, brain glu cose, and the steady-state virtual distribution volume of tracer 3-0-methylglucose were determined simulta neously at three plasma glucose concentrations reached after administration of insulin or glucose. In the second group of rats, the regional distribution of glucose in the brain was determined by autoradiography.
Tr acer 3-0-[glucose-14C(U)]methyl-D-glucose was sup plied by a New England Nuclear subsidiary in Germany, and had a specific activity of 300-360 mCi mmol-I.
Group I: enzymatic measurement of brain glucose A plastic cup, open at both ends, was sewn into the scalp. When the rats were in respiratory steady state, they were injected i.v. with 20 f.LCi 3-0-[14C]methylglucose. Equilibrium of specific activities in brain and plasma oc curred in <10 min.
The time course of the ratio between tissue and plasma radioactivities was followed by Gjedde (1982) for times ranging from 10 s to 45 min, and the ratio was found not to vary significantly from 10 min onward. Therefore, as soon after 10 min as practical, the brains were frozen in vivo by liberal application of liquid nitrogen into the cup.
When the head was frozen, it was separated from the body and stored at -80°C until further assay. At the time of assay, the brains were chiseled out under liquid ni trogen, ground into a powder, and assayed for contents of glucose and labeled 3-0-methylglucose by the hexo kinase method and liquid scintillation spectrometry, re spectively.
Pairs of [V�(oo) . Ca -Mel and [V�(oo)l were calculated for hypo-, normo-, and hyperglycemic rats, and the half saturation constants K, and Ke were determined from Eq. 14.
Group II: autoradiographic determination of brain glucose
When in respiratory steady state, the rats were injected with 100 f.LCi 3-0-[14Clmethylglucose and decapitated after 10 min. The brains were removed in toto from the skull and frozen in isopentane cooled in dry ice. The brains were stored at -80°C until preparation for autoradiog raphy, which proceeded as described previously . In brief, the brains were cut into 20-f.Lm slices in a cryostat at -20°C. The slices were rapidly dried on a hotplate and placed on X-ray film for 8 days with calibrated standards. The films were developed, and the density of the auto radiograms was measured in a Leitz TAS Plus® image analyzer. The densities were converted to radioactivities by means of a standard curve. The apparent regional volume of distribution of 3-0methylglucose was determined by dividing the regional brain radioactivities by the final plasma tracer concentra tion. The regional glucose contents were calculated from the kinetic constants determined above and the apparent volumes of distribution by Eq. 15.
RESULTS
The physiological variables of the rats are shown in Ta ble 1. No significant differences were ob served. The values of the steady-state virtual dis tribution volume of tracer 3-0-methylglucose [V:(oc)], brain glucose content, and arterial plasma glucose concentration are shown in Ta ble 2. The steady-state virtual distribution volume of 3-0methylglucose declined with increasing plasma and brain glucose, indicating that the tracer was' 'driven out" by the native glucose. This represents a case of countertransport, one of the fundamental char acteristics of facilitated diffusion, proving that na tive glucose and the tracer 3-0-methylglucose share the same transport mechanism and are subject to competitive inhibition. The brain glucose contents are somewhat higher than previously estimated, but agree well with earlier measurements in this and other laboratories (Gjedde et aI., 1981) . From the extrusion of tracer 3-0-methylglucose by native glucose, it was possible to calculate the half-saturation constants for glucose transport across the blood-brain barrier from Eq. 14. The regression is illustrated in Fig. 1 . The figure shows the rela tionship between V:(oc) . Ca -Me and V:(oc) at the three plasma glucose concentrations tabulated in Ta ble 2.
Direct nonlinear least-squares computer optimi zation of Eq. 13 to the weighted observations, sum marized in Ta ble 2, yielded values of Kt and Ke of 6.8 ± 1. 0 mM and 5.1 ± 0. 6 /-Lmol g-I (means ± standard error). The ratio between the mean values of Ke and Kt was 0.75 ml g-I. This ratio is suffi ciently close to the brain water volume of 0. 77 ml g-l to allow us to conclude that the glucose in brain is distributed freely in the brain water space and that the transport of glucose across the cerebral capillary endothelium in the two directions is sym metrical. The line in Fig. 1 is the graphical repre sentation of Eq. 14 based on the values of Kt and Ke, and the points are derived from the mean values of Ta ble 2. The ordinate-intercept is Ke, the slope is -K" and the abscissa-intercept is the hexose dis tribution space in brain, close to the brain water volume.
The kinetic constants for influx and efflux were employed to measure glucose content by autora diography. First, the relationship between optical density and radioactivity was established in the form of a standard curve. Next, the standard curve was used to convert optical density to radioactivity and then to calculate the apparent volume of quasi steady-state distribution and glucose content ac cording to Eq. 15, as shown in Fig. 2 . In this figure, data from five slices from five rats are summarized. The slices were cut coronally and selected to rep resent the regions shown in the slice reproduced in Fig. 3 . In four of the five slices summarized in Fig.  2 , glucose contents were close to 4 /-Lmol g-I at plasma glucose levels close to 9 mM. In one rat, plasma glucose rose to 13 mM. In this rat, the brain glucose was close to 6 /-Lmol g -I.
The mean glucose content of the five slices was 4 /-Lmol g -I. The mean value for the entire brains cannot be given, since all slices were not examined.
One of the slices is shown in Fig. 3 . The distri bution of glucose content in four regions of the brain intercept Ke. The abscissa-intercept is the true distribution space in brain in the case of symmetrical transport. The line was constructed from the nonlinear regression results pre sented in the text, not from the points shown. The points were calculated from the mean values presented in Table 2; the circles represent group I; the cross, group II.
is shown to the side of the slice. In hypothalamus and parietal cortex, the glucose content was <4 f..L mol g-I, whereas in the thalamus and the ento rhinal cortex, the content was >4 f..L mol g-l.
DISCUSSION
The results of the present study are the first direct proof that brain glucose is distributed physically in a brain volume with a magnitude close to that of the brain volume of water, and that glucose trans port in and out of brain can be described by the same half-saturation constants. The present study also represents the first radio graphic measurement of the brain glucose content. Previous methods include the biochemical analysis of freshly frozen or otherwise inactivated brain tissue (Ponten et aI., 1973) , the introduction of glucose sensitive microelectrodes into the tissue , and the recording of bioluminescence (Paschen et aI., 1981) .
These methods all have their particular areas of application and are complementary rather than con flicting. However, none of the previous methods can be used in humans. The use of microelectrodes yields only one or a few regional values. The bio chemical analysis requires instant inactivation of brain enzymes, which may be impractical in certain situations, and the regional resolution must neces sarily be rather crude. The bioluminescence method also requires instant inactivation of brain enzymes because it measures the glucose that is actually present.
The brain glucose contents measured in the last 10 years have generally increased, probably be cause of more complete inactivation, and more re cently because of microwave irradiation (Crane et aI., 1978; Cremer et aI. , 1980 Cremer et aI. , , 1981 . In these studies, the ratio between plasma and brain glucose varied between 0. 3 and 0. 4 ml g-I. Thus, at a plasma glu cose of 9 mM, the brain glucose content would be expected to be in the range of 2.7-3.6 fLmol g-I. The early ratios obtained with rapid "funnel freezing" were even higher, close to 0.5 ml g-I (Ponten et aI., 1973) . Regional differences between major large structures were small in normal rats, in agreement with the close regional correlation be tween unidirectional and net glucose transport, noted also in anesthesia and some cases of excita tion (Gjedde and Rasmussen, 1980; Cremer et aI., 1981) .
The microelectrode measurements, although in complete and not yet fully developed, indicated a ratio between plasma and brain glucose close to 0. 3 . The bioluminescence method has not yet been fully quantified, so its results are still unclear. Like the present method, bioluminog raphy requires calibration against ordinary spectro photometric or fluorometric measurements of tissue glucose. Hence, the absolute values suffer from the same uncertainties that may affect biochemical analysis. In the study by Paschen et al. (1981) , the glucose content of normal parts of the cat brain was close to 4 fLmol g-I. Unfortunately, no plasma glu cose value was given.
The bioluminescent images of the normal cat brain produced by Paschen et al. (1981) indicate a ho mogeneous distribution of brain glucose, as did the autoradiograms of 3-0-methylglucose distribution published by Sokoloff et al. (1977) , Pappius et al. (1979) , and Diemer and Siemkowicz (1980) . In one study on humans (Vyska et aI. , 1981) , apparently the first of its kind (but regrettably void of illustra tions or original numbers), the accumulation of [llC]methylglucose in the normal human brain was said to vary considerably. This result, at variance with all animal studies and predictions exemplified above, may indicate perhaps greater variability of brain glucose in humans. Since no actual values were given, the human brain glucose content remains un known. In this context, it may be worth noting that the fractions of net and unidirectional glucose trans port from blood to brain in humans do not differ much (i. e. , 10 vs. 14%) (Hertz et aI., 1981) . There fore, brain glucose in humans may be quite low and subject to considerable fluctuation.
The present autoradiograms revealed a visually almost uniform density, except for white matter areas in which the density generally was lower. White matter has a higher, and in this study un known, self-absorption of l3-radiation (Hawkins et aI. , 1979) . In the images of the cerebral glucose con tent determined by the bioluminescence method (Paschen et aI. , 1981; Hossmann, 1982) , results of white matter density vary, higher and lower values both having been reported.
In the present experiments, Kt was determined for whole brain. If differences of the regional Kt exist, the regional glucose content would not be de termined correctly with the auto radiographic method. In previous measurements of the gross re gional Kt (Gjedde, 1980; Pardridge et aI. , 1982) , the half-saturation concentration did not vary signifi cantly. Furthermore, rearrangement of Eq. IS, based on the assumption that Ke = Kt x 0. 75 ml g-I, shows that the slope of the rectilinear relationship between Me and Kt is comparatively small:
At a plasma glucose of 8.7 mM, the difference be tween Me calculated with the present value of Kt (6.8 mM) and the value of Christensen et al. (1982) (6.2 mM for dog) is only 0.1 fLmol g-I. Thus, al though quantification requires knowledge of Kt based on conventional biochemical analysis of brain glucose, the method is rather insensitive to changes of Kt, the chief determinant of the result being the apparent volume of distribution of 3-0-methylglu cose.
The apparent volume of distribution of labeled 3-O-methylglucose is a "damped" index of the glu cose content. However, Eq. l3 shows that it is a linear index. Hence, the sensitivity of the method will be greatest when comparisons are made be tween regions of the same brain (which share the same value of Ca), and smallest when brain slices from different animals are compared. Figure 4 shows the linear relationship between the distribution of 3-0-methylglucose and the brain glucose content for a theoretical case of variation of brain glucose from 0 to 6 fLmol g-I, caused by a variation of brain glucose utilization from 0 to 175 fLmol 100 g-I min -I. Quite unrealistically, no other variables, including T max and F, were assumed to vary in this example. The highest value attained by V�(oc) was close to 0. 67 and the lowest was close to 0. 33 ml g-I, representing, at the present levels of radioactivity, about 10 gray tone values. By use of higher doses or longer exposure, this range can be expanded to 33 gray tone values.
The present method readily lends itself to esti mates of the lumped constant, a variable dependent Relationship between glucose content and apparent distribution volume of labeled 3-0-methylglucose in a theo retical case of variation of the regional glucose content, caused by variation of the regional glucose utilization from
o to 175 f.Lmo1100 g-' min-'. The calculation was based on the model presented by Gjedde (1982) . Constants included K., K" and Vd, determined in the present study, as well as the constants and variables given in Table 3 . Abscissa: glucose content (f.Lmol g -'); ordinate: apparent volume of distribution of labeled 3-0-methylglucose (ml g").
chiefly on the brain glucose content (Crane et al. , 1981; Gjedde, 1982) . The homogeneous distribution of labeled 3-0-methylglucose in normal rat brain indicates very little variation of the lumped con stant, as originally predicted by Sokoloff et al. (1977) . However, if brain glucose fluctuates in hu mans, the lumped constant may be expected to vary concomitantly. This possibility emphasizes the need for accurate estimates of the human brain glucose content before measurements of the regional glu cose utilization can be said to be valid. An additional interpretation can be made from the present results. From the kinetic constants and Values corresponding to the plasma glucose values are given in column I. The values were calculated from kinetic constants that include Tma, = 400 f.Lmo1100 g-I min-I; F (brain plasma flow) = 40 ml 100 g-I min-I; Kt(for glucose) = 6.8 mM; K,(also for glucose) = 5.1 f.Lmol g-I; K; (for 3-0-methylglucose) = 10 mM;
and Vd (brain water volume) = 0.75 ml g-I, using the model presented by Gjedde (1982) .
the change of brain glucose content in hypo-and hyperglycemia, we arrived at a theoretical approx imation of the glucose utilization rate. Ignoring any changes of T rna" it is possible to argue that the glu cose utilization must have decreased in hypogly cemia but, more surprisingly, that it must have in creased in hyperglycemia, as previously noted by Siemkowicz et al. (1982) . The estimates of the brain glucose utilization at the plasma glucose concentra tions obtained in the present study are shown in Ta ble 3. The estimates were obtained with the model presented by Gjedde (1982) .
